restricted to the main meristems or cores of these plants. Fully mature leaves can lose up to 95% of their water The resurrection plant Craterostigma plantagineum content and enter a dormant state and then, upon rewater-(Hochst) is able to survive almost complete tissue ing, the leaves are reanimated and are fully photosyndehydration when water is withheld from it, and then thetically active within 24 h (Schwall et al., 1995). Tissue can rehydrate rapidly on rewatering. This ability is damage through this drying and rehydration process believed to be the result of the accumulation of sucappears to be minimal to non-existent. rose in aerial tissues as a result of metabolism of
Introduction massive conversion of 2-octulose into sucrose. Thus Desiccation tolerance is most frequently seen as a capabilCraterostigma has the capacity to accumulate sucrose ity possessed by mature seeds of higher plants. It is rarely very rapidly from carbohydrate sources already present seen in any other higher plant tissues. However, resurrecin the leaf rather than relying upon photosynthate. tion plants (or poikilohydric plants) have the unique This report has focused on the well-watered state of ability amongst higher plants to be able to survive almost Craterostigma plantagineum in order to understand the complete dehydration and then be rehydrated in a biolopreparations the plant makes in order to survive dehydration stress. It is demonstrated here that Craterostigma gically functional state (Gaff, 1971 ). This capacity is not 14C-feeding experiments translocates raffinose series oligosaccharides in the The 14C-labelling of cell components of Craterostigma leaves phloem, 2-octulose is one of the major products of was performed by illuminating whole plants at a PPFD of photosynthesis in mature and immature leaves, and there 300 mmol m−2 s−1 at 24°C for 30 min in a sealed vessel. The is a great deal of cycling in 2-octulose concentration in radiolabelled carbon dioxide was supplied from 10 ml of 1 M leaves across a 24 h period. Thus it is concluded that NaH14CO 3 (specific activity, 3.7 GBq mmol−1) pH 9.0, placed 2-octulose may have further roles in Craterostigma plantain a microfuge tube within the vessel. The distribution of radioactivity between metabolites in the leaves was extracted gineum than simply providing a carbohydrate source for and analysed as detailed (Quick et al., 1988) .
sucrose accumulation during drought stress.
Photosynthetic rate and stomatal conductance Measurements of photosynthetic rate and stomatal conductance were made using an infrared gas analyser (Ciras-1, PP Systems,
Materials and methods
Unit 2, Glovers Court, Bury Mead, Hitchin, Herts, Great Britain) across the light and dark periods. The cuvette of the Plant material IRGA was clipped over a known area of the leaves and the Craterostigma plantagineum (Hochst) plants were obtained from measurements were taken once the leaves had acclimatized to Professor D Bartels, Max Planck, Cologne, Germany which the conditions. were from the wild in Namibia. Plants were clonally propagated by side shoot cutting and grown on peat until 6 months old
Phloem exudation experiments and then were used in experiments. All plants for experimental Phloem exudation experiments were based on the techniques studies were grown in growth cabinets under a 12 h light/12 h used earlier ( King and Zeevaart, 1974) . The region of the dark regime, at 24°C and 19°C, respectively, and a PPFD of leaves to be cut was lightly covered with a solution of 2 mM 300 mmol m−2 s−1.
EDTA and 5 mM sodium phosphate buffer (pH 7.0). Once cut the leaf petiole was immediately placed in a microfuge tube containing 1 ml of 2 mM EDTA and 5 mM sodium phosphate Measurement of carbohydrates and enzymes buffer (pH 7.0). The leaves were then left and samples were For measurement of Glu 6-P, Fru 6-P and 3-PGA tissue was taken from the microfuge tube after 15 h light or dark and then harvested and immediately frozen in liquid N 2 and ground to a the carbohydrate content was assayed spectrophotometrically. fine powder. Then 1.4 M perchloric acid was added to the leaf For GC determinations of phloem exudation content, samples material and the mixture was frozen again in liquid nitrogen, were taken between 2 h and 6 h after the start of incubation of and left on ice for 2 h. The extract was then neutralized with the leaves in the microfuge tubes. 5 M K 2 CO 3 , and the insoluble debris was removed by centrifugation at 10 000 g. Glu 6-P, Fru 6-P and 3-PGA were assayed in the extract as described previously (Michal, 1984a, Results b). Starch, sucrose, glucose, and fructose were also extracted and measured as described previously (Morrell and ap Rees, To determine the major synthetic pathways used during 1986). The raffinose series oligosaccharides of roots and leaves photosynthesis in Craterostigma plantagineum plants was assayed spectrophotometrically in the same way as sucrose,
14CO 2
was supplied to leaves at the beginning and at the but the sample was previously digested with a-galactosidase to hydrolyse the galactosyl residue (Bergmeyer, 1984b rates was made up of the raffinose series oligosaccharides,
Carbohydrates were converted to trimethylsilyl derivatives and raffinose and stachyose. It was clear from these data that separated by GC or GC-MS as described previously (Peterbauer 2-octulose was made as a product of photosynthesis in and Richter, 1998). The extraction procedures used in this work have been both young and mature leaves.
described previously: fructose 1,6-bisphosphatase (EC 3.1.3.11),
The concentration of sugars and starch within the PFP (EC 2.7.1.90), 6-PF-1-K ( EC 2.7.1.11) (Hajirezaei and leaves of Craterostigma at a range of time points over a Stitt, 1991) ; hexokinase (EC 2.7.1.1), aldolase (EC 4.1.2.13) 24 h period was determined using GC and enzymatic and glyceraldehyde phosphate dehydrogenase (EC 1.2.1.12) assays ( Fig. 1A, B) . These data show that the concentra- (Bergmeyer, 1984a) and the activities of these enzymes were determined spectrophotometrically (Hatzfeld et al., 1990) .
tion of all of the carbohydrates rose over the light period Carbohydrates were extracted from boiled root samples and then assayed spectrophotometrically. The measurements are the mean of assays of four separate root samples from different plants ±SE. Leaves were harvested at the end of the day or end of the night from Fig. 1 . Variation in carbohydrate content in leaves of Craterostigma separate Craterostigma plants and then dipped in a solution of 2 mM EDTA and 5 mM sodium phosphate for 15 h in the dark. After this over a 24 h period. In (A) measurements of myo-inositol (%), sucrose (#), raffinose ($), and stachyose (2) are shown, and in (B) period the percentage of the carbohydrate present in different carbohydrates was determined spectrophotometrically. measurements of 2-octulose (&) and starch (+) are shown. The values are the means of three replicate values from different plants ±SE. All aMeasurements were performed using GC in order to quantify 2-octulose content in the phloem. The measurements are the mean from measurements were performed using GC for this figure except for starch which was measured enzymatically. three separate plants shown±SE. NM not measured.
Craterostigma plants and the leaf water loss, the photosynthetic rate and stomatal conductance in leaves were measured over the light period (Fig. 2 ). Photosynthetic rates rose and then fell at the middle of the day, but showed a second sharp rise just before night. The stomatal conductance measurements correlated well with the photosynthetic rates. The conductance was greatest when photosynthetic rates peaked. Since the Craterostigma plants accumulated large amounts of 2-octulose in their leaves, the metabolic pathways used for its metabolism were investigated. To do this a range of enzymes and metabolites associated with the glycolytic and gluconeogenic pathways was measured. Activity of the following enzymes was measured; aldolase, glyceraldehyde phosphate dehydrogenase, hexokinase, fructose 1,6-bisphosphatase, pyrophosphate5fructose 6-phosphate 1-phosphotransferase, and phosphofructokinase (Fig. 3) . These enzymes were chosen since it is known that aldolase can metabolize octulose 1,8-bisphosphate. Thus during photosynthetic synthesis of 2-octulose, if octulose 1,8-bisphosphate was an intermediate of metabolism then there may be obvious changes in enzyme activity associated in fluxes between CO 2 fixation and 2-octulose synthesis (in the light), and conversion of 2-octulose to sucrose and raffinose (in the dark). With the exception of hexokinase, the changes in enzyme activities across the day were almost identical. Activity remained high during the light period and fell on the onset of darkness. Thus the activity of these enzymes fell as carbohydrate in the leaves (starch, sucrose and 2-octulose) was mobilized.
Measurements of Glc 6-P, Fru 6-P and 3-PGA over a 24 h period are shown in Fig. 4 . The concentration of 3-PGA rose during the light period and fell at night. Glc Fig. 3 . Activity of a range of enzymes thought to be involved in 6-P acted similarly to 3-PGA but concentrations fell more carbohydrate metabolism in Craterostigma leaves over a 24 h period. Enzyme measurements were taken every 4 h over a 24 h period using a spectrophotometer. The points are aldolase (+), glyceraldehyde phosphate dehydrogenase (2), fructose 1,6-bisphosphatase (#), hexokinase (&), phosphofructokinase (%), and pyrophosphate: fructose 6-phosphate 1-phosphotransferase ($).The results are the mean±SE from three replicate measurements from different plants.
slowly during the dark period. Fru 6-P concentrations showed greater variability than the other two metabolites. Fru 6-P concentrations were steady during the day but peaked at night.
Discussion
Although this investigation has not focused upon the metabolic events of dehydration and rehydration of the resurrection plant Craterostigma plantagineum, it is exception of fructose 6-phosphate the phosphorylated series oligosaccharide, stachyose, in the roots of the plant. This has been shown before by other workers using HPLC (Schwall et al., 1995) . Thus, not only are the raffinose series oligosaccharides used for translocation of carbohydrate in Craterostigma but also as a carbohydrate store in roots. Storage of raffinose series oligosaccharides in plant tissues has been identified in a number of plants such as stachyose in the Japanese artichoke (Stachys sieboldii ) and ajugose in common bugle (Ajuga reptans) ( Keller, 1995) . (2) In agreement with other research, the dominant carbohydrate in leaves of Craterostigma was found to be 2-octulose (Bianchi et al., 1991) . However, these observations were taken further and ways in which the concentrations of 2-octulose vary throughout the light and dark periods was studied. 2-octulose concentrations cycle over the 24 h period. In fact they appear to act as a storage carbohydrate like starch in most C 3 plants ( Gerhardt et al., 1987) . The Craterostigma plants do make starch, but the amount of carbon entering starch for storage compared to 2-octulose is small. The difference between the high and low points for concentration of hexose in starch compared with similar measurements for 2-octulose were 11.1 mmol g−1 FW and 20.5 mmol g−1 FW, respectively. Thus 2-octulose appears to be used as a soluble storage carbohydrate in the leaves, which is mobilized at night. The accumulation of 2-octulose and its mobilization The observation that 2-octulose concentrations exhibit a diurnal variation is very important if the metabolism of this carbohydrate is ever to be understood. These data metabolic intermediates and enzyme activities were not greatly different from those seen in plants such as spinach suggest that any programme to analyse the pathways for 2-octulose metabolism need not necessarily focus solely (Gerhardt et al., 1987) . Generally, in C 3 plants the concentrations of metabolic intermediates and activity of on the dehydration and rehydration phases of the plant's life cycle. The enzymes required for 2-octulose metabolism enzymes associated with gluconeogenic fluxes are high during the day, fall at the start of the night and then rise must be present in young and mature leaves even in the well-watered state. Certainly no new enzymes need to be again throughout the night. This can be seen for the enzyme activities (except hexokinase) and two of the up-regulated in order to allow the interconversion of 2-octulose and sucrose during dehydration or rehydration. phosphorylated metabolic intermediates measured. At night the Craterostigma plants contain very high concenHowever, it is clear from earlier data that a large number of different proteins are up-regulated in Craterostigma trations of fructose 6-phosphate. Why this should be so requires further analysis. Three significant observations during drought stress (Alamillo and Bartels, 1996) . The enzymes measured here were chosen since they are stand out from the measurements presented in this report.
(1) Craterostigma plantagineum transports raffinose enzymes potentially involved in the metabolism of octulose 1,8-bisphosphate that may be an intermediate of series oligosaccharides in the phloem. This is a mode of translocation of carbohydrate around the plant which is 2-octulose metabolism (Bergmeyer, 1984c) . During dehydration and rehydration in Craterostigma, mRNA less frequently adopted than the transport of sucrose, but it is not uncommon ( Turgeon, 1995) . In addition, rafficoncentrations of glyceraldehyde phosphate dehydrogenase (a glycolytic enzyme) and transketolase (oxidative nose series oligosaccharides are very frequently translocated in members of the Scrophulariaceae family of which pentose phosphate pathway enzyme) have been shown to increase ( Velasco et al., 1994; Bernacchia et al., 1995) . Craterostigma is a member ( Turgeon et al., 1993) . There was evidence for a very large accumulation of the raffinose Measurements across the 24 h period show that most of the enzymes measured had their highest activity in the survive almost complete desiccation. Further research is in progress to investigate the metabolic processes that day and lowest at night. Thus enzyme activity peaked when sucrose, starch and 2-octulose were accumulating Craterostigma uses in order to allow tissues to dehydrate and then resurrect. in leaves. Across the 24 h period these data show that despite large changes in the concentration of 2-octulose in the tissue there was little diurnal fluctuation in the
